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Introduction
The stellarator W7-X has been designed to demonstrate the feasibility of an optimized magnetic configuration [1] , with a neoclassical energy transport level comparable to axisymmetric fusion devices. Optimized neoclassical particle transport, however, was not included in this concept. Strong coupling that occurs between energy and particle transport in neoclassical theory is expected to cause density control issues [2] . This holds in particular for enhanced central microwave heating by ECRH, which is the principal heating method for W7-X, for which neoclassical calculations predict a scenario of peaked temperature profiles. Hence, the off-diagonal term (thermo-diffusion) driven by the temperature gradient can induce a significant outward particle flux. Hollow density profiles could be the consequence [3] , with similarly flat or even hollow pressure profiles. Thus, de-stabilization of MHD modes, in particular the resistive interchange [4] is expected to result in degraded confinement.
ASTRA code [5] calculations predict the need for a central particle fueling rate in the order of 10 21 s −1 for 10 MW ECRH heating power. The issue could be further aggravated, if no significant contribution from anomalous particle transport is present, in particular in the bulk plasma. Hence, a neoclassical particle transport barrier in the gradient region might lead to the loss of density control. This holds in particular if the main particle sources are situated at the plasma edge. Central particle fueling by pellet injection can mitigate such a scenario.
W7-X, as a superconducting machine, provides the potential to fully exploit the steady-state capabilities of a stellarator. Therefore, steady-state central particle fueling by pellet injection will be a crucial pre-requisite to maintain that beneficial property. Moreover, stellarators do not suffer from a Greenwald density limit [6] . Hence, the achievement of conditions for a burning fusion plasma could be attained not only by high enough plasma temperatures, but also by plasma densities well above those obtainable in tokamaks of comparable machine size. This approach is encouraged by the empirical International Stellarator Scaling law ISS04 [7] . It comprises a positive electron density, n e , scaling for the global energy confinement time τ E proportional to n e 0.54 . Therefore, enhanced fueling of W7-X with pellets will always be beneficial, both for sustaining stable and high values of n e , as well as for maximizing the energy confinement time. Both quantities enter directly the fusion triple product. Even when considering the tokamak Greenwald density limit as an edge density limit, pellet fueling is a powerful core particle source that allows the central density to rise above the Greenwald limit while keeping the edge density low enough to avoid losses of the global confinement, as demonstrated in the tokamak ASDEX Upgrade [8] .
Cryogenic pellet experiments, performed with a refurbished blower-gun type injector, have given us a first insight into the interaction of pellets with W7-X plasmas. These same injections have provided a first understanding of the requirements for a future steady-state pellet injector, which will be needed to meet the challenge of continuous fueling in this large machine. Although the sustained mitigation of flat or hollow density profiles has still to be demonstrated, the W7-X discharges available permit initial tackling of the issues of central particle fueling, the choice of the proper injection geometry and the question of efficiency of a series of pellets. For instance, in the case of injection geometry, strongly enhanced central particle deposition is observed in tokamaks when pellets are injected from the magnetic high-field side (HFS) [9] . Inboard launching takes advantage of the grad-B induced vertical charge separation in the ablation cloud, leading to a subsequent E×B drift acceleration of the ionized pellet material that is always directed away from the major machine axis. The considerable increase in pellet fueling efficiency, compared to the low-field side (LFS), makes this technique also interesting for stellarators. However, throughout the two last experimental campaigns, strongly hollow density profiles, or hollow pressure profiles were never observed, neither with pellet injection nor without. Therefore, no vital importance of central particle fueling was given, so far. In section 3, the definition of the fueling efficiency is given.
To make a direct comparison between HFS and LFS in W7-X, two pellet guiding tubes were installed and pellets were injected from both the inboard and outboard sides into the same discharge. However, the grad-B effect is expected to be less pronounced compared to a tokamak because grad-B is only 0.8 T m −1 in W7-X, and therefore smaller than the typical 2 T m −1 on the inboard side of a tokamak of comparable minor radius.
Significant progress has also been made to simulated pellet injections into W7-X. This has been done using the Hydrogen Pellet Injection 2 code (HPI2) [10] . Originally developed for tokamaks, HPI2 was recently modified for the use on W7-X [11] , i.e. compared to the simple axisymmetric tokamak magnetic topology, the more complex 3D topology of W7-X had to be taken into account. The HPI2 code calculates self-consistently the ablation phase of pellet material, while also taking into account the subsequent perpendicular grad-B plasmoid drift. The plasmoid is a high-beta plasma cloud produced by ablation of the cold pellet particles, which are deposited within a single magnetic flux tube. Drift minimizing parallel electrical currents within and outside the plasmoid are calculated in order to predict the drift damping of the plasmoid. Thus, the effective size of the grad-B term, i.e. the plasmoid drift accelaration is a function of the toroidal co-ordinate of W7-X. The resultant pellet deposition calculations obtained with HPI2 were promising, in particular for HFS injection. For instance, calculations predict a much higher fueling efficiency for the HFS case (up to 98%) compared to about 50% for LFS.
As the plasmas during the last two campaigns were heated almost exclusively with ECRH, a possible enhanced ablation of the pellet material by supra-thermal electrons has to be considered because such electrons can be induced by ECR heating. The importance of an enhanced ablation effect is that it can reduce the ice penetration depth into the plasma, thereby leading to reduced fueling efficiencies.
The injection of series of pellets with high repetition frequency results in a pre-cooling of the plasma edge. Initial pellets in the series will thus facilitate deeper penetration for later pellets. To confirm (or disprove) the possibility of improved fueling with series of pellets, experiments in the heliotron LHD were performed [12] before the pellet campaigns on W7-X. Series of pellets were injected into LHD discharges for a range of pellet repetition frequencies, plasma heating methods, pellet ice isotopes and positions of the major plasma axis. The results confirm that the fueling efficiency can be enhanced using series of pellets. The mentioned boundary conditions, like the ice isotope or the location of the major axis played only a minor role for that process. However, if the number of pellets exceeded an upper limit, it became, in some cases, difficult to sustain stable plasma conditions. In a very few cases, a fast central density increase could be observed after the series of pellets, with a rapid change from a more hollow to a more peaked density profile shape. The time constant for this change in profile shape are shorter than the particle diffusion time-scale. The findings from the LHD are compared briefly to the results from W7-X This paper is organized as follows: in the 'Experimental' section, the stellarator W7-X, the blower-gun and the pellet guide tubes are briefly described, as well as some of the diagnostics used for pellet analysis. In the 'Results' section some of the experimental findings are summarized, with focus on the capabilities of the present system for deep particle fueling, the comparison between LFS and HFS injections, and the potential of series of pellets to achieve deep fueling. In the 'Discussion, outlook' section the experimental results are briefly discussed, with emphasis on the lessons learned for the steady-state injector.
Experimental

The stellarator W7-X
The stellarator W7-X [13] [14] [15] [16] provides a toroidal plasma with an effective minor plasma radius of about 0.5 m and a major machine radius of 5.5 m. A set of 70 superconducting coils produces a steady-state magnetic field with a flux density of up to 3 T on the magnetic axis. Always 10 coils are connected in a series, the current in each of the 7 series can be chosen independently from the others. The modular arrangement of the superconducting coils allows for high flexibility concerning the magnetic configuration. At present, ECR heating, with a nominal input power of up to 8 MW and resonant frequency of 140 GHz, is installed for second harmonic heating. Rotatable ECRH launch mirrors allow to choose the radial localization of the heating power focus in the plasma (onor off-axis). In addition, the polarization of the incident waves can be varied between X2 and O2 orientation [17] . In order to avoid damage to in-vessel installations when the plasma density approaches the cut-off value (1.2 × 10 20 m −3 ), a system of microwave sniffer probes monitors the power level of any in-vessel stray-radiation. Recently, two sources for neutral beam injection (NBI) heating systems went into test operation with nominally 4 MW heating power at 55 kV beam energy (full energy beam component). While the ECRH is steady-state capable, the NBI can provide pulse lengths of up to 5 s.
The entire W7-X facility is dedicated to long-pulse operation. Up to 30 min pulse length will be possible when its water-cooled divertors are installed before the next experimental campaign (OP2). During the most recent campaign, intertially cooled divertors were installed in order to investigate the divertor performance and to test the safe exploration of the operational space. During the last two campaigns, the plasma working gas was helium or hydrogen, the pellets were always made of hydrogen ice.
The edge rotational transform of W7-X is suited for open island divertor operation [18] and can be varied between 5/6 and 5/4. The standard case iota ι≈1.0 is characterized by a chain of 5 magnetic islands surrounding the plasma, according to the m=5 fold toroidal stellarator symmetry of W7-X. Pellet experiments during the most two recent campaigns were performed with four different magnetic configurations. The modular coil set of W7-X, with a combination of nonplanar and planar coils, provides the freedom to modify the value of ι, the effective magnetic mirror and ripple, and the horizontal plasma shift. For the pellet experiments, three edge ι values were realized with ι(a)≈5/4 , 5/5 and 5/6, as well as a high-mirror configuration.
The blower-gun
For pellet injection, a refurbished blower-gun system is installed that can provide pellet series of up to 40 cylindrical hydrogen pellets with a length and diameter of 2 mm and a velocity of up to 250 m s −1 . Nominally, each pellet contains 3.3× 10 20 hydrogen atoms. Liquid helium is used to cool the cryostat. Pellet acceleration is achieved using helium propellant gas with 2 bar pressure, and the pellet repetition frequency is variable between 2 Hz and 30 Hz. Prior to injection an ice rod with a typical length of 80 mm is frozen out in the extrusion cryostat, from which it is transferred by a stepping motor, in steps of 2 mm, towards a cutting device, the shuttle. The shuttle cuts the individual pellets out of the rod and shifts them forward to two fast propellant gas valves, where these are accelerated alternatively into two independent guide tubes. Hence, the maximum repetition frequency in each guide tube is 15 Hz. One guide tube ends at the LFS port (labeled AEK41), the other one at the HFS port (labeled AEL41). As the freezing of one single ice rod requires roughly 3 min, the system can not be reloaded during one discharge in W7-X. Typically, the pellet speed was between 170 and 230 m s −1 .
The blower-gun was originally built for, and operated on, the tokamak ASDEX-Upgrade [19] . For the operation on W7-X some modifications were necessary. The above described installation of two internal guide tubes allows to feed pellets to the HFS and LFS simultaneously. The injector is foreseen originally for the injection of deuterium pellets, however W7-X operation is currently restricted to hydrogen. To meet the more critical requirements for hydrogen pellet formation compared to those for deuterium, the vacuum pumping efficiency was enhanced considerably (five instead of three turbo-molecular pumps with a pumping speed of 360 l s −1 each, and roughing pumps with 620 m 3 h −1 pumping speed instead of 90 m 3 h −1 ), before the blower-gun could be operated on W7-X. The reason for this is the lower sublimation temperature for hydrogen (13.9 K) compared to that for deuterium (18.6 K), under vacuum conditions. Another challenge is the reduced breaking stress of hydrogen ice compared to deuterium, making the transfer in a curved guide tube more demanding.
Because of limited space in the torus hall, the injector is situated outside the torus hall, beyond the radiation protection wall. The steel tubes that form the guide tubes have inner and outer diameters of 8 mm and 10 mm, hence the conductance of residual gas is low enough to de-couple W7-X from the blower-gun. These tubes are at ambient temperature. As the distance between the blower-gun and W7-X is too long for a single piece of tube, they are assembled by shorter pieces with maximum 4 m length. The individual pieces are connected by vacuum tight conflat flanges.
In each guide tube a microwave mass detector is installed [20] . They allow for the measurement of the pellet mass and velocity in flight. These residual pellet masses provide directly a measure for pellet erosion along the guide tubes. The detectors utilize the de-tuning of a microwave cavity by the pellet mass once these fly through the cavity. As the detector electronics is sensitive to the magnetic stray field of W7-X, they had to be situated 4 m away from the superconducting coils. The total lengths for the LFS and HFS tubes are 14.5 m and 29.0 m respectively. The distance, measured along the tubes, between the microwave systems and the ports of W7-X is 3.9 m for LFS and 10.3 m for HFS. In order to estimate the pellet erosion for the full tube lengths, it has to be assumed that the erosion rate is similar for both the HFS and LFS tube, and before and after the microwave detectors. When leaving the guide tubes, the pellets have typical masses of 2.0 × 10 20 (LFS) and 0.9×10 20 (HFS) hydrogen atoms, respectively. Each pellet provides a radially averaged plasma density increase of< 8.0 × 10 18 m −3 (LFS) and <3.8 × 10 18 m −3 (HFS), respectively. Smaller pellets and, hence, smaller density increase can result from a variation of the erosion in the guide tubes from pellet to pellet, poor ice quality or broken pellets.
Two pumping stations with drag turbo pumps (with 80 l s −1 pumping speed each) and dry scroll forepumps (with 5 m 3 h −1 pumping speed each) evacuate the guide tubes and pump away the hydrogen gas that is released from the pellet ice after contact with the wall of the guide tubes. The drag turbo pumps are also sensitive to the magnetic field, therefore they were installed at the locations of the microwave detectors. In this way the two functionalities of gas pumping and pellet mass measurement could be combined in one device. Gate valves allow separating the guide tube vacuum from the W7-X vessel vacuum. Thus, by closing one of these vacuum gate valves, pellet injection from only one side can be performed. Figure 1 shows a rough sketch of the arrangement. The guide tubes end about 2.5 m away from the last closed flux surface. Then the pellets fly free within the W7-ports, which have an inner diameter of about 400 mm. The pellets show an angular scatter of about ±5°in free flight after leaving the guide tube. Therefore, the position of entering the plasma varies by typically about 300 mm, both in toroidal and poloidal direction. The variety in pellet speed, pellet size and entering position might explain, to some extent, the scatter in the observed data,which we will see later.
A large risk for the pellet integrity arises from the long and curved HFS tube that includes S-bends. Since the bending radius of these tubes is 1000 mm in all bends, relatively slow pellet velocities are needed. Larger radii could not be realized because of the very restricted space in vicinity to W7-X. Nevertheless, great care was taken in choosing of the pathway in the torus hall, and the geometrical layout of the HFS guide tube in order to minimize pellet mass loss by erosion in the guide tube. The LFS guide tube is less critical since it is shorter and almost completely straight. Figure 2 shows the geometrical arrangement of the two guide tubes, together with the locations of the microwave systems and the W7-X gate valves. Figure 3 shows the plasma poloidal cross section where the pellets (LFS and HFS) enter the plasma. Both injection ports are slightly inclined with respect to the horizontal plane. The pellet injection geometry at the ports is adapted such that the pellet's flight path points towards the plasma center.
The HFS experiments could be performed in this particular guide tube geometry and into this injection port AEL41 only during the last two campaigns. The present space for the HFS guide tube will be occupied in the next campaign by water-cooling circuits, required to cool the divertor. Computer aided design studies show that an alternative routing for a possible future HFS guide tube will be hindered by enormous technical challenges. It was therefore decided to realize an alternative HFS injection geometry only for the case where HFS fueling efficiency is considerably higher than that for the LFS.
The diagnostics
A fast PIN-photodiode with a bandwidth of 1 MHz records the pellet ablation light, while a standard CMOS video camera registers the ablation cloud in the plasma from behind with 25 Hz frame-rate. Both, photodiode and video camera, can observe LFS and HFS pellets.
In addition, highly sensitive survey cameras view the ablation cloud from the sides: two opposite tangential ports (AEQ41, AEQ50) are used to observe the poloidal cross section of the pellet injection. In the AEQ50 port an EDI-CAM system [21] using 1.3 Mpixel CMOS cameras normally operates at a 100 Hz or 200 Hz frame-rate. It provides survey pictures of the pellet traces plus the surrounding in-vessel components. The EDICAM system is used without interference filters in front. Figure 4 shows an example of such a long exposure snapshot with two pellets, one LFS and one HFS, which fall by chance into one exposure time interval. Some typical features for pellet injection are highlighted. In parallel to the slow framing mode, the EDICAM system can also record smaller regions of interest (ROIs) with a frame-rate up to 10 kHz. In the port AEQ41, the standard EDICAM system was replaced by an image fiber being relayed to a Photron SA5 fast framing camera, which allows for frame rates up to 350 kHz, but only for a small ROI which is dedicated to detect the pellet ablation region. Due to the short exposure time, the flight path of the Geometrical shapes of the guide tubes. The pellets enter the tubes from the left (the blower-gun is not shown), the labels A indicate the microwave systems and the localization of the drag turbo-molecular pumps, labels B the gate valves between the guide tubes and the W7-X vessel. W7-X itself is not shown, the plasma shape is roughly approximated. The scale of 3 m shows the size of the arrangement. pellets can be traced quite well since over-exposure effects, that occur with the 'slow' camera system, are avoided. The fast camera is equipped with an interference filter changer for wavelength selection.
The W7-X Thomson scattering system permits the radial measurement of electron density and temperature profiles either with a constant laser repetition frequency, between 5 and 30 Hz. In the burst-mode for fast events [22] [23] [24] , up to 12 Thomson profiles can be measured with 100 μs temporal separation immediately after a pellet reaches the plasma edge. The proof-of-principle for the burst-mode operation mode was demonstrated in the second part of the most recent operation campaign (OP1.2b), while first pellet data were obtained during the first part of the same campaign (OP1.2a). The burst-mode results will be published in the future.
Magnetic field line tracing calculations [25] have shown that the magnetic flux tube, which is filled by HFS pellet particles, is connected along the magnetic field lines after only 1/5 toroidal transit to the vicinity of the Thomson laser chord on the inboard plane. Therefore, it is expected that the parallel expansion of the pellet material (and the parallel electron cooling) will be detectable after a short delay by the Thomson scattering system. This delay is dominated by the parallel ion sound velocity for the particle cloud expansion along the magnetic field, and the electron thermal velocity for the cooling front. However, in the case of LFS injections, the same tracing calculations predict longer relative distances, so a similar insight is not possible.
Electron temperature profiles are also measured by an electron cyclotron emission system [26] . Radial profiles of the ion temperatures, T i , and the radial electric field, E r , are measured by a vacuum ultraviolet spectroscopic system [27] , using the x-ray line emission of highly ionized argon lines with an imaging crystal spectrometer. The line integrated electron density is measured by a single line-of-sight dispersion interferometer [28] . Its measurement branch through the plasma lies parallel to the Thomson laser chord, at a nominal distance of≈3-5 cm (in real space). No multi-channel interferometer system is available. Plasma impurity radiation is measured using a bolometer camera system with two independent cameras, which allow for the measurement of spatially resolved radiation profiles [29] . Hydrogen wall recycling fluxes are observed by a filterscope-system [30] , consisting of multiple sight lines. Several impurity spectral lines coming from the edge can be measured with it, as well as Balmer-alpha light.
Boundary conditions for pellet experimental sizes and velocities
During the preparation phase for pellet injection it was considered prudent to perform the first pellet experiments in W7-X with conservative sized pellets in order avoid over-fueling the plasma. This point is crucial given that the 140 GHz ECRH in X2-polarization heating has an upper cut-off density of 1.2×10 20 m −3 . As it was not clear, at which radial positions the initial particle deposition would occur directly after pellet ablation, the risk of local cut-off could not be excluded. To provide access to higher densities in W7-X, EDICAM image of two pellet ablation clouds that enter the plasma simultaneously. The LFS pellet enters from the left, the HFS pellet from the right, the path of flight is indicated by white arrows. The feature 1 and 2 are the ablation clouds, 3 is a reflection on the vacuum window, 4 is light from the upper divertor chamber. The scale length of 1 m holds for the plane where the pellets enter the plasma. The camera sensitivity is tuned for the observation of vessel wall details, hence the pellet ablation traces are strongly overexposed.
O2-mode heating was tested successfully, this having an upper cut-off density of 2.4×10 20 m −3 . However, O2 single pass absorption depends strongly on the electron temperature, T e , and is predicted to drop considerably for T e values below≈2-3 keV. Therefore, the most prominent risk with pellet injection during O2 heating is excess plasma cooling, which is also minimized if the pellets are not too large.
In practice, a maximum of about 7 MW of ECR heating power was available during the OP1.2 campaign for a plasma volume of about 30 m 3 . Given the low heating power density, all pellet experiments at densities above 10 20 m −3 suffered from T e values close to this critical value and are thus difficult to conduct. In addition, the low single-pass absorption of O2 mode heating, compared to X2, makes energy confinement studies difficult because an unknown amount of the heating power will be lost as stray radiation. The choice of 2 mm sized pellets was therefore considered a good compromise to promote deep fueling on the one hand, and to reduce the risk of a cut-off or too low T e on the other.
Due to the rather crowded space situation in the vicinity of the W7-X, it was a challenge to find a pathway for the HFS guide tube that combines sufficiently large bending radii, accessible W7-X ports close to the injector position, a minimum of S-bends and a minimum travel distance for the pellets within the guide tube. These limitations require, in practice, low pellet velocities.
An important property of the blower-gun is its capability to inject series of pellets. The technique of deep particle fueling with series of pellets was tested successfully on LHD [31] . As the experiments in LHD confirmed the validity of that approach, such pellet experiments were performed in W7-X to confirm that finding. In particular the rapid change of the density profile shape from hollow to peaked, as described in [31] , requires more attention and has to be reproduced, as it combines the requirements of high fueling efficiency with central particle fueling.
As the W7-X blower-gun is suited principally for injecting series of pellets, rather than for single pellets, pellet series are injected for all experiments. The length of each series varies between 5 and 35 pellets. After initial attempts with small numbers of pellets, it was determined that larger numbers of pellets are more beneficial for density built-up and energy confinement of the discharges.
The pellet team of the tokamak ASDEX-Upgrade provided us with their blower-gun injector [32] and it was found to combine all required specified values summarized above. After a thorough characterization of the as-built properties of that injector, it was shipped to W7-X and installed on site. In the middle of September, 2017, first pellet experiments started.
Results
Pellet penetration and fueling efficiencies
During the OP1.2 experimental campaigns on W7-X, a total of 147 discharges were fueled with pellets, 143 of them having pure ECRH. Roughly 50% of all pellets accelerated from the blower-gun reached the plasma and induced an increase of the electron density. In the case of HFS, the longer guide tube results in higher ice erosion and smaller pellets. Typically, the pellets ablated within about 5-15 cm in real space after they entered the last closed flux surface, corresponding to about 15%-40% of the minor plasma radius, when taking the local flux compression into account. Within the magnetic islands in W7-X, no ablation light intensity could be recorded, neither with the fast PIN photodiode nor with the tangentially observing cameras. Typically, the pellet ablation phase lasts between 0.5 and 1.0 ms.
Finally, since only four discharges were performed with a combination of 5 MW ECRH and NBI heating plus pellets, the database is too poor to draw conclusions with regard to how the heating method impacts on pellet ablation. Nonetheless, from the data available, first observations of the ablation light trace and pellet penetration depth show no significant impact from fast ions originating from the NBI. The same holds for the pellet fueling efficiency.
Pellet fueling efficiency is an important number for assessing fueling characteristics. The fueling efficiency is calculated from the line integrated interferometer measurement of the electron density. The measured line density is divided by the effective interferometer arm length within the plasma (typically≈1.3 m), then it is multiplied by an effective plasma volume (typically≈24 m 3 ). This effective plasma volume V eff is determined taking into account the density profile shapes from Thomson scattering for the particular discharge as follows. The profiles are typically flat within effective minor plasma radii≈0.4 m, with a density gradient between this location and the effective minor plasma radius a. The total plasma volume within a is typically ≈32 m 3 . The effective minor radius r 1 at 0.5 * n e (0) is taken from n e (r) to calculate V eff =2 * π * R * π * r 1 2 with R being the nominal major plasma radius=5.5 m. This rough procedure is necessary, because in general no Thomson profiles are available just before and after each pellet (i.e. within a time period <1 ms before and after each pellet) and no multichannel interferometer exists. Therefore, the last available Thomson profile prior to the series of pellets is used for the determination of V eff , and it has to be assumed that the density profile shape does not change considerably during the series of pellets. The video camera data and the fast photodiode indicate that no pellet particles are deposited outside the last closed flux surface. Therefore, we have to assume that all pellet particles that reach the last closed flux surface will contribute to the density increase inside.
For the evaluation of the density jump by the pellets, the difference of the line density measurement 1 ms before and 1 ms after the pellet is used. This provides the difference in electron content in the plasma, yielded exclusively by the pellet. The fueling efficiency is then calculated as the change of number of plasma electrons divided by the electrons provided by the pellet. The latter is taken from the pellet mass measurement by the microwave systems. The dominating uncertainties for this procedure arise from the assumption of constant pellet erosion in the guide tube and the subsequent evaluation of the pellet mass, being in the range of ±30%. Furthermore, the rough procedure for the estimation for V eff , as described above, will also contribute to the uncertainty.
Fast changes of the wall recycling fluxes in the very moment of the pellet ablation, however, cannot be taken into account by this method. The quantitative estimate of fueling by a transient change of the wall recycling fluxes would make the measurement of these fluxes necessary, integrated over the entire W7-X vessel wall. Such a measurement is presently not available. Thus, we have to assume that the recycling coefficient is constant in the moment of the pellet ablation. Between individual pellets, the wall recycling fluxes could also be affected by the change of the plasma edge density and temperature, induced by the pellets itself. As we evaluate the change in line density only immediately before and after the pellet ablation, the impact of this error source is minimized, however not zero.
The experimental determination of the efficiency can, in addition, be perturbed by unknown particle sources, which depend in a complicated manner on the discharge history during an experimental day, the particle recycling properties of the vessel wall, and/or the gas fueling program. Nonetheless, a particular feature could be observed in a couple of discharges. This is the variation of the pellet fueling efficiency along a series of pellets. Figure 5 shows the time traces for a discharge with a series of 22 pellets. This discharge combines some typical features observed after pellet injection. Frequently, a transient peaking of the density profile shape can be observed during the phase with pellets. The series of pellets is concluded by a phase with enhanced energy confinement and increased central electron and ion temperatures. Transiently, the energy confinement time exceeds the ISS04 prediction by more than 30%. The peaked density profiles are supported by the central pellet fueling, the good energy confinement by comparably low plasma radiation. During the phase with good energy confinement, the total plasma radiation is lower than comparable discharges fueled by gas puff. This discharge is chosen because the external gas feed is set to zero so the only particle sources are the pellets and the wall recycling flux. During the discharge phases without pellets, i.e. the 5 s before and the 3 s after, the line density remains constant. Hence it can be inferred that the wall recycling fluxes play only a minor role for the fueling, so the density rise is due exclusively to the pellets. The wall recycling coefficient is R=1, i.e. the particle losses from the plasma are compensated by the recycling influx. Figure 6 shows the fueling efficiencies for the 12 pellets injected into discharge 20180808.009. The upper plot shows the fueling efficiency as a function of the individual pellet number within the series, while the lower plot shows the pellet ablation time, determined from the PIN photodiode and normalized to the pellet mass. The normalization is done to take into account the slightly different pellet masses within the series. It should be noted that all pellets are from the LFS. To guide the eye, fitted curves to the measured data are plotted as well. In the plot, the efficiency of the first pellets is about 40%. This increases to almost 80% for the pellet number 7-10, before dropping thereafter. This behavior is interpreted as the effect of the pre-cooling of the plasma by first pellets in the series. The length of the pellet ablation time increases gradually during the series, probably as a result of the gradually decreasing electron temperature, as the ablation rate is most sensitive to T e . This points to a gradually increasing pellet penetration depth during the series, which varies in this case between 9 cm for the first pellet and 13 cm (in real space) for the last (pellet number 12), when the measured pellet velocity of about 200 m s −1 is taken into account. Here it is assumed that the pellets trace straight lines towards the plasma center, and that pellets do not suffer acceleration or deceleration. So far, we have no good explanation for the drop in fueling efficiency for the last pellets in the series. We can only speculate that the increasing edge density gradient during the series of pellets induces an increasing outward directed diffusive particle flux, which overrules the beneficial deep particle deposition by pellets at the end of the series. Even after short series of pellets, the electron density increase can be detected after a very short time in the plasma center, and peaked density profiles develop. This holds for both HFS and LFS pellets. Figure 7 shows as example of the temporal development of Thomson density profiles for a series of 5 pellets. The central density rises from 3×10 19 m −3 to 6× 10 19 m −3 within 110 ms and decays soon afterwards. Throughout all discharges performed so far, the central electron density increases within a time scale of about several tens of ms during the series of pellets, and no considerable time delay can be observed between density rise and pellet injection times. These tens of ms are already long compared to the ablation time, but short compared to the particle confinement time. In figure 7 the two arrows indicate the beginning and end of the series of pellets. Within a time interval smaller than 30 ms after the last pellet, the highest density profile has developed. This corresponds to the time resolution of the Thomson scattering system.
One discharge example with very high density peaking is shown in figure 8 for shot 20171207.006. In this case, a series of 15 pellets raises the central density to a value of about 7× 10 19 m −3 (measured by Thomson scattering), while the profile shape changes from flat to strongly peaked. Here, the peaking factor is defined as the ratio of the central to the averaged electron density as measured by Thomson scattering. Each pellet can be seen as an upward step in the line density (solid line), with an average density increase of about 0.35× 10 19 m −3 per pellet. The series of pellets starts at 1.07 s and ends at 1.7 s. Prior to the pellet phase, the density peaking factor is about 1.2, a typical factor for discharges fueled with only gas puff. Next, the maximum density peaking of about 1.6 is reached at about 1.8 s, and remains peaked for roughly 0.5 s after the last pellet.
Note that the decay of the line density after the series of pellets occurs with a half time in the range of≈1 s, a typical value if no external gas puff is applied to the discharges. This is an indication that the particle confinement time and the particle diffusion time scale strongly exceeds the density profile development time, as observed in the discharges shown in the figures 7 and 8. This statement makes the assumption, that the particle transport does not change considerably during the series of pellets and that the wall recycling coefficient might be constant. 
LFS/HFS comparison
A comparison between fueling efficiency achieved for pellets coming from HFS and LFS revealed no significant difference. Great care was taken to select discharges with constant heating power during the series of pellets for this comparison, and the integrated plasma radiation losses had to be significantly below the total heating power (below 30%). In addition, discharges were selected without external gas puff during the series of pellets, in order not to entangle the measured pellet fueling rates with particles coming from the gas feed. In total, 115 pellets could be identified which fulfill these requirements.
For that subset of pellets, the measured pellet fueling efficiencies are 70%±31% for LFS pellets and 88%±34% for the HFS pellets, in spite of the smaller HFS pellet masses. The deviations from the averages are not a measurement error in the statistical sense. Rather they show the limited shot-toshot and pellet-to-pellet reproducibility of the experiments. In addition, the uncertainty for the evaluation of the pellet mass has to be kept in mind. Taking such scatter into account, the measured difference between the LFS and the HFS efficiency is obviously smaller than the attainable reproducibility of the experimental conditions.
It should be noted, however, that the mean value of efficiency for HFS is higher than for LFS. This indicates a slight advantage of HFS compared to LFS. Compared to tokamak results, the difference between HFS and LFS is, however, small. We assume that this small difference between HFS and LFS is a result of the comparably small grad-B term in W7-X, compared to tokamaks (0.8 T m −1 for W7-X compared to 2 T m −1 for similar sized tokamaks). When considering HFS pellet injections for other stellarators or a reactor, one has to balance carefully whether the enhanced efforts (difficult port access on the inboard side, necessity of curved guiding tubes, etc) are worth such a comparably small gain.
When comparing directly the fueling efficiencies between the tokamak ASDEX-Upgrade (AUG) and W7-X, see [9] , the most striking difference are the high LFS values in W7-X compared to <20% measured during H-mode discharges in AUG (see figure 3 in [9] ). One reason for that difference might the strongly different shape of the n e and T e profiles, but also the underlying plasma transport and heating power density. In addition, for AUG the maximum pellet masses are assumed for calculation, whereas for W7-X the real pellet masses are taken into account. In W7-X, so far only L-mode discharges with ECRH could be maintained, with considerably different local transport parameters and a radial position of the steepest gradients deep inside the plasma, making a direct comparison difficult. Very positive for AUG is, however, the average improvement of the fueling efficiency by a factor of 4 when comparing HFS and LFS, in contrast to the much smaller ratio obtained in W7-X. In AUG, the HFS pellets penetrate deeper than the LFS pellets, an effect which was not observed in W7-X. Major obstacle for a direct comparison is the large average pellet mass difference in W7-X between HFS and LFS.
Pellet experiments performed from HFS and LFS in the heliotron LHD show a good agreement between the measurement and HPI2 code results [33] . These were the first experiments with HFS pellets in a helical device. However, here a comparison to W7-X is even more difficult than for AUG, because all plasmas are heated by a considerably amount of NBI, leading to an enhanced pellet ablation due to the high energetic heating ions. In LHD, typical fueling efficiencies are obtained in the range of about 50%, both for LFS and HFS. Comparable to W7-X, an outward displacement of the ablated pellet material is observed even for HFS pellets, presumably due to the magnetic hill structure in LHD. W7-X, in contrast, shows a slight magnetic well in the standard magnetic configuration. Future experiments in W7-X at higher plasma beta with deepened magnetic well will have to show, in how far the formation of this magnetic well might help for deeper deposition, both for HFS and LFS.
In order to investigate the pellet acceleration during ablation, fast video frames were taken at frame rates between 90 and 350 kHz. These investigations revealed a tokamak like behavior for LFS injected pellets: a clear outward drift of the pellet cloud [34] associated with a radial deceleration of the pellets caused by the asymmetric shielding of the drifting cloud [35] could be observed. These observations are more complex for HFS injected pellets: the pellet movies show that the pellet cloud drift tends to be an outward drift, too, although grad-B points towards the plasma center. In a few cases an inboard directed drift was also detectable.
The HPI2 code simulations partly confirm the experimental findings. HPI2 predicts no significant difference between HFS and LFS injections with regard to the depth of the ablation zone and the depth of the particle deposition. This is consistent with W7-X findings. However, HPI2 predicted in earlier investigations a considerably higher fueling efficiency for HFS compared to LFS [11] , an effect which cannot be confirmed by the pellet experiments.
For the direct comparison between experiment and the HPI2 code, two well documented discharge sets were selected with comparable discharge parameters, one with LFS and one with HFS pellet injection. The experimentally determined pellet fueling efficiencies are 114%±54% for the HFS pellet discharges (including 15 pellets), and 66%±25% for the LFS discharges (including 31 pellets). As input for the HPI2 code, the plasma and pellet parameters of two representative discharge were chosen out of the mentioned sets, labeled 20180807.026 for the HFS case, and 20180807.027 for the LFS case. Figure 9 shows the results of the HPI2 calculations for these two cases. HPI2 predicts an inward drift of the ablated particles for the HFS case and an outward directed drift for the LFS case, as indicated by the radial distance between the maxima of the ablation and deposition profiles. The 95% reliability interval, resulting from a Gaussian process regression to the measured Thomson data points, indicates the uncertainty of the measurement. Note that this reliability interval is comparable or larger than the Thomson measurement error bars, however the latter are only statistical errors that take no possible systematic errors into account. The amount of density change (coming from the deposited particles) due to the pellets is comparable in size to that uncertainty, making a direct comparison between Thomson measurements and HPI2 calculations difficult. Therefore, only the Thomson burst-mode with its strongly enhanced time resolution might provide insight into the details of the deposition process. This holds in particular for the HFS case, where the pellets produce only a local density increase in the range of 1× 10 19 m −3 . The situation is better for LFS pellets, where the density increase by a pellet is up to 2-4 times larger than the measurement uncertainty. This demonstrates, that even directly after a pellet (i.e. within a distance in time <10 ms after a pellet), no pronounced hollow density profiles can be detected with the standard Thomson system. Only the burst-mode Thomson scattering can reveal the slight hollowness of the density profiles directly after a pellet unambiguously, making the direct comparison between HPI2 code results and the standard Thomson scattering data impossible.
The HPI2 code predicts fueling efficiencies of 94% for the HFS case and 96% for the LFS case, hence the same values when taking the uncertainties of the input data into account. Within the measurement errors for the determination of the experimental fueling efficiencies, this is roughly consistent to the experiment. Figure 10 shows measured filterscope ablation light curves for two pellets as indicated in figure 9 (for the HFS and the LFS), plotted as a function of the effective minor radius after taking into account the pellet speed and the local magnetic flux compression. It was assumed that the pellet's path of flight is straight without any deflection into poloidal or toroidal direction. Furthermore, a constant pellet speed has to be assumed. In addition, the HPI2 code results for the pellet ablation from figure 9 (dotted lines) are shown again for comparison in figure 10 . As can be seen, the shapes of the light curves correspond very roughly to the predictions from HPI2, however not perfectly. The integral under the light curves correspond roughly to the amount of ablated pellet material as predicted by HPI2, and it is consistent to the measured pellet masses. For the HFS pellet, the total ablation depth is over-estimated by HPI2 by about 2.5 cm; a deviation which is certainly within the error margins for the profile data input for HPI2. In addition, the unreasonably high fueling efficiency of >100% for that pellet indicates that the measured HFS pellet mass (as input for HPI2) was probably estimated inexactly. For the LFS pellet, the shapes of the curves match very well, albeit the local ablation rate in the outer part of the plasma (i.e. for r eff >0.3 m) seems to be slightly under-estimated by HPI2, or it is slightly over-estimated by the filterscope light intensity. Figure 9 . HPI2 code results for a HFS pellet case (upper plot) and a LFS case (lower plot). Density profiles as a function of the minor effective radius (x-axes). Experimental Thomson scattering data (circles), the HPI2 input profiles after spline smoothing (solid lines), HPI2 code results for the particle deposition (dotted-dashed) and pellet ablation (dotted). The dashed lines show the 95% prediction intervals (the interval of reliability of the fitted regression) to the experimental Thomson data after fit to a gaussian procedure regression. Figure 10 . Measured pellet ablation light curves, plotted versus the minor plasma radius, for one HFS (black solid line) and one LFS pellet (black dotted-dashed line). The pellets enter the plasma from the right side. For comparison, the HPI2 results from figure 9 for the particle ablation are also shown again: HFS (blue solid line) and LFS (blue dotted-dashed line).
Experiments were performed with X2-mode and O2mode ECRH, both with LFS and HFS pellet injection. The idea was to tailor discharges with more peaked T e profiles (for the case of X2-mode ECRH) in contrast to more flat T e profiles (for the case of O2-mode ECRH) because of the lower single-pass absorption with O2-mode heating, and thus, a broader power deposition zone inside the plasma. The steeper gradient in T e might result in an enhanced outward directed particle thermo-diffusion for the particles, deposited after pellet injection. In addition, it is suspected that a broader power deposition zone might produce a suprathermal electron population close to the plasma edge, which might influence the pellet ablation or particle deposition. In order to investigate that possible influence, the pellet fueling efficiencies are compared for these four combinations, table 1 shows the results. Note that the standard deviation, as shown in the table, does not take into account the systematic uncertainty that is higher (namely the 20% mentioned above), because only the statistical measurement scatter is considered.
The data show no significant difference between X2 and O2-mode ECRH, indicating no impact of the broadening of the ECRH power deposition zone on the pellet fueling efficiency. As above, however, a difference in the mean values of LFS and HFS injection is visible, although being smaller than the uncertainties. Figure 11 shows two T e profiles of the discharges with pellet injection and X2/O2-mode ECRH power deposition, but otherwise comparable plasma parameters, as used for the evaluation shown in table 1. The T e profiles show temperature gradients of 11.0 keV m −1 for the O2-mode case and 14.1 keV m −1 for the X2-mode case, in the central part of the plasma. Nevertheless the pellet fueling efficiencies show no significant difference. This indicates only marginal (or no) impact of the electron temperature or possible suprathermal electrons, produced by the ECRH, on the fueling efficiency. This is supported by the observation, that during the OP1.2 campaign no distinctive hollow density profiles could be observed, independent of the broadening of the ECRH power deposition zone. The Thomson data are taken about 1 s prior to the pellet injection, with very stable and constant discharge conditions between the Thomson time and the time of pellet injection.
Series of pellets
In accordance with previous experiments in LHD, the concept of the injection of series of pellets works also in W7-X. Although the ablation depth of the pellets is restricted to regions in the outer half of the minor plasma radius, central fueling could always be observed. As already observed in LHD, the fueling efficiency increases with the number of pellet within a series, until a maximum is reached. For additional pellets, the efficiency drops again. In LHD discharges, about 4-5 pellets were the maximum needed to sustain stable discharges; for longer series of pellets the discharges risked to be terminated prematurely. This is partly due to the fact that the hydrogen pellets in LHD (3.0 and 3.4 mm in the pipe-gun) are much larger than the pellets in W7-X (2 mm in the blower-gun). In both machines, a trend for deeper penetration of later pellets in a series is observed compared to earlier ones in the same series. In the W7-X experiments reported here stationary hollow density profiles, as might result from the local particle deposition close to the plasma edge, have not been observed during the pellet injection phase. In contrast, in LHD such cases were observed. A small number of discharges with fast density re-distribution could be observed, turning hollow into peaked profiles on a time-scale faster than allowed by diffusion. In W7-X such a strong transient effect was never observed, since the density profiles tend to be fueled centrally, from the beginning of the pellet series (see figure 7 for instance).
In W7-X, only one pellet-fueled discharge ended by a radiative collapse has occurred to date, in contrast to LHD where several discharges ended in a collapse or a temperaturehole scenario [36] after an extended series of pellets. Radiative density limit studies in W7-X [37] reveal upper critical average densities for gas puff fueled discharges. Impurity radiation, i.e. radiative power losses, seem to be decisive for the observed density limit. The above mentioned pellet discharge exceeded the density limit (as published in [37] ) for discharges with gas-puff by a factor of about 2.5. Further experiments will be needed to confirm, whether the upper density limit with pellet fueling can be pushed towards higher density values, compared to gas puff fueled discharges.
For very long series of pellets in W7-X, the trend to stationary pellet particle fueling rates can be observed. This scenario is promising for sustaining stationary discharges in future campaigns, where the steady-state pellet injector will be available to provide a continuous series of pellets. This minimizes the risk of a premature plasma collapse. Figure 12 shows an example of such a discharge, fueled with a series of 33 pellets. The entire stockpile of the blower-gun was emptied. After about 3 s, a stable discharge phase is reached with, to some degree, stationary plasma parameters. The central Thomson electron densities reach 1.4×10 20 m −3 for about 600 ms. Next, at about 4.5 s, a phase of improved energy confinement follows the pellet series.
Discussion, outlook
Central particle fueling in the stellarator W7-X has been performed successfully with series of pellets, even with a penetration of pellets of only about 40% of the minor plasma radius. Regardless of the heating scenario or the magnetic configuration, fueling efficiencies higher than 70% on average could be achieved. So far, there was no necessity for the mitigation of hollow density profiles by pellets. However, since future experimental campaigns in W7-X will focus on the attainment of neoclassical transport, this might become an essential issue. While we in general did not see hollow density profiles on W7-X, we were able to peak up flat profiles at least transiently, by doing pellet injection. Even if the pessimistic predictions for inherent outward particle diffusion by off-diagonal transport for the latter can be confirmed [3] , the envisaged central particle fueling rates by pellets will be high enough to compensate.
The future steady-state pellet injector under development for the W7-X is specified to operate at 10 Hz repetition frequency with cylindrical pellets of 3 mm length and diameter, containing 1.1×10 21 protons (for hydrogen ice). Given the numbers cited above of 70% plasma fueling efficiency for LFS injection geometry, and 60% for the guide tube, this provides a central fueling rate of 4.6×10 21 protons s −1 , exceeding the neoclassically predicted required flux of 10 21 particles s −1 .
Long series of pellets with more than 30 pellets could be successfully performed to reach central densities of up to 1.4× 10 20 m −3 with O2 mode ECRH heating. Such a highdensity phase could be kept stationary for about 600 ms (corresponding to about 4 energy confinement times). This demonstrates the capability of pellet injection, to reach and maintain high density phases. Record fusion triple products for a stellarator of up to 0.65×10 20 keV m −3 s could be reached [38] during the last campaigns with pellets. This confirms the expectation, that high densities provide good energy confinement, in accordance with the positive exponent of the ISS04 density scaling.
However, in order to maintain the plasma parameters during stationary high density phases as constant as possible, it is considered that the large 3 mm pellets of the specified steadystate injector might be too large, in some cases. In particular, in the vicinity of the ECRH cut-off density, overly large pellets might violate this density threshold occasionally. Therefore, the present planning foresees the technical option to vary the pellet size between 2 and 3 mm by choice, and to vary the pellet repetition frequency between 10 and 20 Hz. Future technical tests of the steady-state system will reveal, to what extent the vacuum pump systems and the guide tube with its poor gas conductivity will be able to sustain more stable injector conditions with these parameters during continuous pellet injection.
We were able to demonstrate central particle fueling with short delay times between the pellet ablation at the plasma edge, and core density increase. This confirms the capability to fuel W7-X plasmas centrally with pellets, even if the pellets are comparably small and slow.
A possible impact of supra-thermal electrons, produced by ECRH, on the pellet ablation and particle deposition, could not be observed. The experimental findings for the pellet ablation are conform to HPI2 code calculations without suprathermal electrons. This indicates that the ablation process in W7-X appears unaffected.
Only ECRH heated discharges were performed during the last two experimental campaigns with pellet injection. All these discharges are expected to show a more or less pronounced supra-thermal electron population. No NBI only heated discharges with pellets were realized for comparison (i.e. certainly without any supra-thermal electron population), so far. This point therefore remains an open issue for the future, in particular for the assessment of pellet fueling in long discharges with pure ECRH. An enhanced particle deposition after pellet injection in the presence of supra-thermal electrons in the plasma core [39] cannot be supported, so far, due to the same reason.
The comparison between LFS and HFS revealed, within the scatter of data points, a slightly enhanced fueling efficiency for HFS compared to LFS. The enhancement is smaller than the experimental uncertainty of the data points. It could be suspected that the comparison between HFS and LFS pellets is corrupted because of the systematically smaller HFS pellets, but a linear regression analysis between the experimental pellet masses and fueling efficiencies does not support this suspicion. Figure 13 shows that result for all pellets that were used for the evaluation of the efficiency. The fueling efficiency is no function of the pellet mass, within the statistically significant prediction bounds for the regression.
Therefore, the technically much simpler solution of LFS launch will be realized for future campaigns, avoiding the problems posed by a curved and long guide tube passing through the machine center to the inboard launch site. LFS provides the possibility to use a straight guide tube with only minimal bends, thus allowing for higher pellet speeds and hence deeper penetration. The steady-state injector can thus be projected to pellet velocities well above 1 km s −1 .
The outward drift of the pellet material, as predicted by HPI2 for LFS pellets, could be confirmed experimentally. However, it is not understood why no clear inward drift for HFS pellets, as predicted by HPI2, is seen by the fast camera system. The small observed difference in fueling efficiency between HFS and LFS pellets, however, is consistent with that obviously missing inward drift for HFS pellet material.
As no HFS pellet experiments will be possible in the next campaigns in W7-X, other strategies for a better understanding are welcome. One might be the attempt to take advantage of a deepened magnetic well due to the diamagnetic effect in high plasma pressure (high beta) discharges, that might promote deeper fueling compared to low-beta plasmas because of the stronger inward directed grad-B. Purely NBI heated discharges at lowered magnetic field could be conducted for that purpose because here beta is increased due to the smaller magnetic field strength. ECRH in X2 and O2 polarization at lowered magnetic field is not possible because the 140 GHz is resonant only at 2.5 T. An alternative to pure NBI might be resonant ECRH in X3 polarization and with 1.66 T magnetic field strength. A variation of the magnetic configuration alone might not be helpful, as the average grad-B does not vary considerably over the range of possible magnetic configurations.
The technique of series of pellets works well on W7-X. Even the small and slow pellets can obviously benefit from plasma cooling by earlier pellets in a series, helping later pellets to penetrate deeper and to fuel better. This technique will help in the future for the sustainment of long ECRH discharges with X2 mode heating, as too strong transient density increases by overly large pellets can be avoided, which might otherwise transiently violate the cut-off density. For ECRH in O2 mode heating the transient cooling effects by overly large pellets are mitigated. These findings are supported by successful earlier experiments in LHD, where series of relatively slow and small pellets enabled access to high-density, steady-state discharges with improved global energy confinement [40] . A sufficiently low edge density, low wall recycling and low neutral gas pressure are considered as decisive clue towards improved discharges at high central density.
Presently, several hypotheses are discussed, for which mechanisms might be responsible for the transient increase of the energy confinement after the series of pellets. Within the scope of this paper we only can conclude, that central particle fueling, density profile peaking and improved energy confinement correlate. Some of the properties of these discharges resemble to various modes of improved confinement, as observed in other machines [41] . Narrow and peaked density profiles with enhanced density gradients over the entire minor radius might help stabilizing ion temperature gradient modes transiently [42] . The transient peaking of the density profiles resembles the pellet enhanced performance mode [43] as Figure 13 . Result of the linear regression between fueling efficiency and pellet mass. The dots show the experimental data, the solid line the regression, the dotted lines the 90% prediction bounds for the regression. Fueling efficiencies >100% are unrealistic and therefore due to the measurement uncertainty. discovered in the tokamak JET. There, reduced ion transport correlated with density peaking was observed. In the heliotron CHS, and in other helical machines, the reheat-mode [44] could be observed, with a considerable improvement of the confinement and peaked density profiles, in particular directly after terminating the external gas puff. In opposite to the reheat-mode, the improved energy confinement in W7-X appears only after the end of series of pellets. Frequently, the improved confinement phase in W7-X is accompanied by strong negative radial electric field values, probably supported by the high central ion temperature [45] . A comparable behavior in the heliotron LHD, i.e. a phase of improved energy confinement after a series of pellets, is described in [46] . The future analysis will have to show, whether the same physics is underlying in W7-X.
As the future steady-state injector will be rather large, complex and expensive, the use of the blower-gun was a very helpful opportunity to learn about the requirements of W7-X well in advance. Several lessons concerning pellet size and repetition frequency were learned, and some aspects for the optimization of the steady-state injector could be adapted at an early planning stage into the design. The present design of the steady-state injector foresees the injection of pellets with 3 mm size, with a fixed repetition frequency of 10 Hz. However, as smaller pellets with higher repetition frequency were used successfully, we will strive for a modification of the design. In addition, for the future a smart pellet triggering scheme is considered which might allow for density feedback control, or even the feedback stabilization of the density profile shape, so as to maintain an improved energy confinement scenario.
